Introduction {#sec1}
============

Members of the AAA+ (ATPases associated with diverse cellular activities) superfamily facilitate a broad range of cellular processes, but the molecular mechanisms that underpin their activity are in most cases not well characterized. Eukaryotic TIP49a (Pontin, RUVBL1, and Rvb1) and TIP49b (Reptin, RUVBL2, and Rvb2) were initially identified as transcription regulators that interacted with *T*ATA *b*inding *p*rotein (TBP), hence the name *T*BP-*i*nteracting *p*roteins (TIPs). Both have subsequently been implicated in several essential pleiotropic functions, including gene expression, ribosomal RNA processing, apoptosis, cell division, and proliferation (recently reviewed in [@bib27] and [@bib34]). They form oligomers found in multiprotein complexes involved in chromatin remodeling, DNA repair, telomerase, and ribonucleoprotein particle assembly, where they play essential, but yet unknown, role(s) as, most probably, chaperones or adaptor proteins ([@bib2; @bib4; @bib13; @bib17; @bib22; @bib25; @bib29; @bib39; @bib42; @bib43; @bib44; @bib49]). Their ATPase activity is weak but appears to be required for these activities and can be altered according to their homo- or hetero-oligomeric state ([@bib34]).

TIP49a and TIP49b belong to the classical AAA clade of the AAA+ superfamily ([@bib1; @bib3; @bib15; @bib45]). They contain a conserved core ATPase domain and an additional α-helical, C-terminal domain that often acts as a regulatory moiety for ATP hydrolysis, oligomerization, and co-factor binding. This core includes conserved Walker A and Walker B motifs responsible for coordination of the ATP β- and γ-phosphates and magnesium. TIP49 proteins also contain polar residues in the Sensor I motif that are thought to be involved in the formation of a hydrogen-bonding network required for positioning of the lytic water molecule in the proximity of the γ-phosphate of ATP. The Sensor II motif is an arginine located within the C-terminal α-helical domain and is involved in additional interactions with the ATP γ-phosphate. Another evolutionarily conserved feature is the presence of *trans*-acting arginines in the vicinity of the catalytic pockets of oligomers. They are often found close to the ATP γ-phosphate bound by the adjacent subunit containing the Walker A and B motifs. Because their configuration resembles that of the nucleotide-binding pocket found in small GTPases, they have been named arginine fingers (R-fingers; recently reviewed in [@bib45]).

Compared to other members of the AAA+ superfamily, TIP49 proteins have an unusual feature: the presence of an additional 170-amino acid insertion domain that splits the Walker A and Walker B motifs. Structurally organized as an oligonucleotide/oligosaccharide binding fold (OB) and as a partially disordered L2 loop, this insertion domain appears to be involved in nucleic acid binding, allosteric regulation of ATPase activity, and higher-order oligomerization of TIP49 proteins ([@bib5; @bib21; @bib24; @bib28; @bib30; @bib40]). TIP49 proteins show extensive conformational flexibility; this, together with their weak ATPase activity and strong tendency for higher-order oligomerization, makes them complex objects for mechanistic studies. The pleiotropic effects of TIP49a and TIP49b mutations and of RNA interference experiments in vivo, together with the versatility of the TIP49 proteins in seemingly unrelated biological processes, add multiple layers of complexity for interpretations of their cellular functions that also include their direct implication in carcinogenesis ([@bib19; @bib20; @bib29; @bib36; @bib44]).

ATPases---and, more generally, all NTPases---can hydrolyze nucleotide triphosphates according to distinct dissociative or associative pathways ([@bib8]). In the dissociative model, the NTP molecule dissociates into NDP and phosphate before the nucleophile (water) enters the reaction. In the more widely accepted associative mechanism, the water molecule enters the reaction prior to formation of a pentacovalent oxyphosphorane intermediate but can be activated in several different ways: (1) by acceptance of a water proton by polar or negative side chains of the NTPase ([@bib38]), (2) by direct transfer of a proton from the attacking water to the γ-phosphate moiety of NTP as shown for GTPases ([@bib37]); or (3) according to the "two-water hypothesis," by another water molecule within the protein active site that relays a water proton to a protein amino-acid side chain or to NTP itself as the general base ([@bib9; @bib10]). Regardless of the exact mechanism, these pathways suggest that polar or negatively charged amino acids might be essential for the associative mechanism of ATP hydrolysis and, in the case of eukaryotic TIP49 proteins, remain to be identified.

Archaea are unicellular microorganisms whose machineries for replication, transcription---including the transcription initiation factor TBP ([@bib46; @bib47; @bib48])---and translation are more closely related to the eukaryotic information-processing systems than to their bacterial counterparts. Most, but not all, archaeal genomes across the eury- and crenarchaeal phyla harbor one bona-fide homolog of the eukaryotic TIP49a/TIP49b proteins, referred to henceforth as archaeal TIP49. Archaeal TIP49 proteins constitute an attractive model system for mechanistic studies of their biochemical and biophysical properties, which might be extrapolated to their more complex eukaryotic paralogs. We have chosen the single TIP49 protein from the hyperthermophilic methanogen *Methanopyrus kandleri* (mkTIP49; UniProtKB ID code Q8TZC3_METKA) to further characterize ATP hydrolysis by eukaryotic TIP49 proteins. We reasoned that the study of a single ortholog, free of possible bacterial contamination and that circumvents the complexity inherent to TIP49a and TIP49b hetero-oligomers, could help establish clear principles of catalytic activity in these enigmatic proteins. Our analysis of water dynamics within catalytic pockets of the wild-type and mutant mkTIP49 proteins provides insights into *trans*-acting water-activating residues, which may serve as proton acceptors in TIP49 oligomers. Our results suggest that the TIP49 AAA+ ATPases evolved a mechanism for ATP hydrolysis that has been conserved from Archaea to eukaryotes.

Results {#sec2}
=======

All-atom homology modeling of mkTIP49 relative to human TIP49 proteins is illustrated in [Figure 1](#fig1){ref-type="fig"} and [Figure S1](#app2){ref-type="sec"} (available online) and was performed as described in [@bib30]. Similar to eukaryotic TIP49a and TIP49b proteins, the *M. kandleri* TIP49 protein (mkTIP49) folds into a tripartite domain structure, whose all-atom homology-based model is illustrated in [Figure 1](#fig1){ref-type="fig"}. Apart from short N- and C-terminal tail regions, the AAA+ core D1 (colored in blue) and regulatory D3 (green) domains are well conserved between archaeal and eukaryotic TIP49a and TIP49b paralogs, whereas the D2 insertion domain, which consists of the OB-fold and the L2 loop, forms a predominantly variable region ([Figures 1](#fig1){ref-type="fig"} and [S1](#app2){ref-type="sec"}, colored in red). These analyses show that mkTIP49 shares a highly significant overall similarity with its crystallized eukaryotic TIP49 paralogs that can be used for further comparative studies as investigated below.

We first analyzed the conformational flexibility of mkTIP49 monomers and compared it with its human TIP49 paralogs by performing MD simulations in a water environment ([@bib30]). Because *M. kandleri* is a hyperthermophilic archaeon, these simulations were performed by ramping up the temperature to 75°C, the optimal reaction temperature for ATP hydrolysis by mkTIP49. This allows the system to equilibrate through thermodynamic barriers, during which the model can progressively proceed through a series of intermediate transitions and rapidly adopt alternative stable conformations. The overall fold of mkTIP49 at 75°C was conserved relative to human TIP49 proteins, together with the high flexibility of the D2 domain. A rapid drift of the OB-fold toward the D3 domain leads to the formation of a stable network of interactions between D2 and D3 ([Figure 1](#fig1){ref-type="fig"}B). The resulting dynamic changes in mkTIP49 are very similar to those observed in human TIP49 monomers and are mediated by the formation of Van der Waals and electrostatic contacts between L1 of the OB-fold (residues 144--152) and the hinge region connecting the first and second α helices of the regulatory D3 domain (residue 376). These interactions are stabilized via additional contacts between L1 and the third α helix of D3 (residues 407 and 411). The C-terminal-most part of D3, however, remains unstructured, showing significant flexibility over the 30 ns simulation time (residues 427--455). As previously observed in the *lik*TIP49b mutant, in which an FCR triplet is inserted in the OB-fold ([@bib30; @bib35]), L2 of mkTIP49 rapidly collapses onto the region that connects the OB-fold to the rest of protein by establishing polar and hydrophobic interactions (residues 253--257 of L2 and hinge residues 126--128 and 237--242). L2 also forms an extensive hydrogen-bond (H-bond) network, resulting in further stabilization of mkTIP49 in a compact configuration ([Figure 1](#fig1){ref-type="fig"}B, bottom image). Taken together, our results of homology-based modeling and MD simulations of mkTIP49 show a highly significant overall similarity between the archaeal protein and its crystallized eukaryotic TIP49 paralogs that can be used for further comparative studies.

Structural Organization of the mkTIP49 ATP Binding Pocket in Monomers {#sec2.1}
---------------------------------------------------------------------

Compared to D2 and D3, the AAA+ core D1 domain is the most stable structural feature of mkTIP49 monomers (average Cα-root-mean-square deviation \[rmsd\] values for D2, D3, and D1 are 4.1, 4.4, and 3.4 Å, respectively). Analysis of the dynamics of the ATP binding pocket, which is formed at the interface between D1 and D3 ([Figure 1](#fig1){ref-type="fig"}A, blue and green colors, respectively), revealed several important organizational features. MkTIP49 contains conserved Walker A (P loop, residues 72-GPPGTGKTA-80) and Walker B (292-VLFIDE-297) motifs as well as other amino acid residues involved in ATP binding and hydrolysis ([Figure S1](#app2){ref-type="sec"}). These include the Sensor I (N326) and II (R397) residues that are hallmarks of AAA+ ATPases ([@bib3; @bib15; @bib45]). In the regularized mkTIP49 structure modeled with ATP and Mg^2+^, the phosphate chain of ATP is found within the Walker A motif ([Figure 2](#fig2){ref-type="fig"}A). The side chain of Walker A T79 is also found in close proximity to Mg^2+^. Together with Walker B D296, it coordinates this ion, which is essential for ATP hydrolysis. E297 of Walker B forms an H-bond with N326 (Sensor I) ([Figure 2](#fig2){ref-type="fig"}C). Because of this interaction, the distance between the side chain of E297 and the γ-phosphate group of ATP is increased to 9.1 Å. In monomers, this creates a significant impediment for the activation of a water molecule, an essential step in ATP hydrolysis, which, as shown below, can be overcome by oligomerization.

During MD simulations, we observed a discrete readjustment of the ATP molecule and of the peptidyl backbone and side chains that form the pocket ([Figures 2](#fig2){ref-type="fig"}B and 2E). The resulting configuration shows a remarkable coordination of phosphates because of the 1.4 Å shift of the P loop toward ATP and the formation of additional H-bonds between K78 and two available oxygen atoms of the β- and γ-phosphate groups, respectively ([Figure 2](#fig2){ref-type="fig"}B). This rearrangement also ruptures the H-bond between N326 (Sensor I) and E297 (Walker B) ([Figures 2](#fig2){ref-type="fig"}D and 2E). Consequently, the "glutamate switch" ([@bib50]) E297 edges closer to the S101, with which it forms an H-bond, and remains 7.9 Å away from the γ-phosphate. The flexible guanidyl group of R397 (Sensor II), protruding from the regulatory D3 domain, makes a stable contact with the γ-phosphate group of ATP ([Figure 2](#fig2){ref-type="fig"}B). As a result of these rearrangements, the γ-phosphate oxygens are bound by R397, K78, and Mg^2+^. Whereas coordination of Mg^2+^ by D296 is canonical, the behavior of E297 of Walker B is unfavorable for the associative mechanism of ATP hydrolysis, which requires the presence of a negatively charged residue in close proximity of the ATP γ-phosphate ([@bib9; @bib38]). This was further investigated in oligomers using in silico and biochemical approaches.

Oligomeric State of mkTIP49 in Solution {#sec2.2}
---------------------------------------

The oligomeric state of TIP49 proteins is important for their catalytic activities ([@bib5; @bib6; @bib21; @bib24; @bib28; @bib30; @bib40]). To study the oligomeric states of mkTIP49, the corresponding gene was amplified from genomic DNA, and recombinant protein was produced in a bacterial expression host ([Figure 3](#fig3){ref-type="fig"}). In parallel, a D2-truncated mutant of mkTIP49 (TIPΔD2), lacking amino acid residues 143--290, was included in this study to compare its oligomerization and catalytic properties with analogous deletions of eukaryotic TIP49 paralogs ([@bib5; @bib6; @bib24; @bib28; @bib30]).

Full-length mkTIP49 and TIPΔD2 proteins were first subjected to nanoelectrospray ionization mass spectrometry, under conditions in which non-covalent interactions are preserved ([Figures 4](#fig4){ref-type="fig"}A--4C), and in parallel subjected to gel-filtration analysis ([Figures 3](#fig3){ref-type="fig"}B--3D; [Figure S2](#app2){ref-type="sec"}). In agreement with the gel filtration data ([Figure S2](#app2){ref-type="sec"}; 560 kDa), the major and minor species correspond to an mkTIP49 dodecamer (12 × 54,500 Da = 654,000 Da) with 12 bound ADP nucleotides (12 × 501 Da = 6,012 Da) and one mkTIP49 monomer (54,500 Da) bound to one ADP nucleotide (501 Da), respectively, similar to that previously reported for human (hs) hsTIP49a ([@bib24]). We could not obtain a similarly high resolution when we carried out mass spectrometry on the highly purified TIPΔD2 variant: the resulting spectra reproducibly contained one broad signal centered on m/z 7,500 ([Figure 4](#fig4){ref-type="fig"}B). We attribute the broadening of the peak to the presence of a heterogeneous population of oligomers. We were able to estimate a mass of ∼340,000 Da for TIPΔD2 oligomers using the relationship between mass and m/z previously determined for a range of proteins and protein complexes ([@bib11; @bib41]). Such a mass is too small to account for a TIPΔD2 dodecamer (453,600 Da) and too large for a hexamer (226,800 Da). It could correspond to a heterogeneous population with an average composition of nonamers (340,200 Da). Such oligomers can in theory be explained by at least three alternative models: (1) a range of molecular species consisting of one hexameric ring bound to a monomer, a dimer, a trimer, a tetramer, or a pentamer, (2) a population of two stacked "open" rings with an average of 4--5 subunits in each ring, or (3) a mixture of hexamers and dodecamers. The third possibility can be ruled out as we would expect the ion series for dodecamers and hexamers to appear at well-resolved m/z values. This precludes any overlapping of these charge states that might produce a distorted mass measurement corresponding to nonamers ([Figure 4](#fig4){ref-type="fig"}).

To conclude these comparisons, we also analyzed the isolated mkTIP49 D2 domain (TIP~ins~, residues 124--290; [Figure 4](#fig4){ref-type="fig"}C), which yielded two ion series. The major ion series centered on m/z 2,539 had a measured mass of 22,845 ± 2 Da, whereas the minor ion series centered on m/z 3,516 had a measured mass of 45,698 ± 4 Da. These masses correspond to monomers and dimers (monomeric TIP~ins~ Mw = 23,018 Da), respectively. The presence of stable dimers confirms that SDS-resistant dimers of the mkTIP49 D2 domain can form ([Figure 3](#fig3){ref-type="fig"}). In summary, this analysis demonstrates that (1) archaeal mkTIP49, like eukaryotic TIP49a/TIP49b protein assemblies, is able to form dodecamers (i.e., double hexamers) and (2) that the formation of stable dodecamers, compromised in the TIPΔD2 deletion mutant, is likely to be dependent on the D2 domain. Both full-length mkTIP49 and TIPΔD2 contain a tightly bound ADP cofactor scavenged from the bacterial expression host. We conclude from these observations that the archaeal mkTIP49 protein behaves like its eukaryotic paralogs in terms of oligomerization and ADP trapping within the ATP binding and hydrolysis pocket.

Do Previously Identified TIP49 Mutations Affect ATP Hydrolysis by mkTIP49? {#sec2.3}
--------------------------------------------------------------------------

Mutations that affect in vivo functions of eukaryotic TIP49 proteins have been previously described: the *liebeskummer* (*lik*) insertion within the OB-fold of zebrafish TIP49b and an active-site mutation within the Walker B motif ([@bib5; @bib7; @bib17; @bib35]). We asked whether the corresponding mutations would similarly affect the ATPase activity of mkTIP49. To address this question, we measured the intrinsic ATPase activity of mkTIP49 and mutants thereof. We first tested a broad range of temperatures from 25°C to 90°C and found an optimal reaction temperature of 75°C--80°C, congruent with the temperatures that are conducive to *M. kandleri* growth ([Figure 4](#fig4){ref-type="fig"}D). The observed rate of ATP hydrolysis was similar to that of human TIP49a/TIP49b heterohexameric assemblies ([@bib6; @bib28; @bib31]). As for eukaryotic TIP49 proteins, the deletion of D2 had a dramatic stimulating effect on the catalytic activity of mkTIP49 ([Figure 4](#fig4){ref-type="fig"}E), recalling the autoinhibitory effect of D2 on ATP hydrolysis observed in eukaryotic TIP49 proteins ([@bib5; @bib24]). A *lik*-like insertion of an FCR triplet in the OB-fold of mkTIP49 (see [Figure S1](#app2){ref-type="sec"}) resulted in a modest, but reproducible, stimulation of ATP hydrolysis and is also in line with the properties of *lik*TIP49b and with the results of our structural analysis ([@bib30]; see also [@bib35]). Again, as judged by the ATPase activity of mkTIP49, the protein behaves like its eukaryotic paralogs in terms of allosteric regulation of the ATP hydrolysis by the D2 (OB-fold) insertion domain. Taken together, these results again support the conclusion that the archaeal mkTIP49 protein follows the same principles of domain flexibility as its human paralogs, TIP49a and TIP49b ([@bib30]).

Effect of Walker B Mutations on ATP Hydrolysis {#sec2.4}
----------------------------------------------

To rule out that the measured ATP hydrolysis was due to contamination of recombinant mkTIP49 protein with copurifying heat-stable ATPase or phosphatase activities from *Escherichia coli*, we mutated the Walker B motif to eliminate the negative charge of residues D296 and E297 that are essential for Mg^2+^ and water coordination in RuvB (D296N and E297Q, respectively) ([@bib26]). These mutants had only a background level of activity ([Figure 4](#fig4){ref-type="fig"}E), whereas their expression level, solubility, and heat stability were not affected. These Walker B mkTIP49 variants serve as key negative controls for our interpretations of ATP hydrolysis data. For this reason, their effects on the configuration of the mkTIP49 catalytic pocket were analyzed and compared to wild-type protein in the MD simulations presented below.

ATP Binding Pocket Dynamics within mkTIP49 Hexamers {#sec2.5}
---------------------------------------------------

We built atomic models of wild-type, D296N, and E297Q mkTIP49 hexamers bound to ATP and Mg^2+^ and analyzed their conformational flexibility by performing additional MD simulations ([Figure 5](#fig5){ref-type="fig"}). Consistent with results shown above, the most pronounced domain movements within mkTIP49 hexamers were associated with the C-terminal-most part of D3 and the D2 insertion domain. Maximal drifts from initial positions as estimated from Cα-rmsd values were 2.9 Å for D3, 5.2 Å for the OB-fold and 2.1 Å for D1, the most stable domain. Multiple D2/D2 interactions between adjacent protomers were detected in mkTIP49 hexamers, recalling the interprotomer D2-mediated interactions described for the TIP49 hetero- and *lik*TIP49b homohexamers ([@bib30]). These observations are consistent with the possible implication of D2 in high-order oligomerization of the mkTIP49 protein and further validate our atomic models of the mkTIP49 protein.

In TIP49 oligomers, a short conserved α-helical [GDLL]{.ul}DR motif (residues 345--350 in mkTIP49, α-helical residues are underlined; see also [Figures S1](#app2){ref-type="sec"} and [S3](#app2){ref-type="sec"}) is involved in the formation of TIP49 homo- and heterohexamers ([@bib5; @bib24; @bib30]). Provided by an adjacent protomer, this motif contributes D346 and D349 to the catalytic pocket of mkTIP49 ([Figure 5](#fig5){ref-type="fig"}A, colored in orange). The side chain of D346 is located in the vicinity of the ATP γ-phosphate group, closer than the Walker B E297 residue as estimated by MD simulations (Cγ~346~-Pγ of 5.9 ± 0.48 Å and Cδ~297~-Pγ of 6.92 ± 0.54 Å, respectively; see [Figure S3](#app2){ref-type="sec"}). As in mkTIP49 monomers, the side chain of E297 adopts a variety of conformations in hexamers. Accordingly, it can reach N326 (Sensor I) or adjacent R327 residues and be trapped away from the γ-phosphate via H-bonding with these residues. In contrast, D346 moves toward ATP due to the presence of positively charged R397 (Sensor II). These dynamics of the catalytic pocket within mkTIP49 hexamers suggest that D346, together with *cis*-E297, may serve as a *trans*-acting residue that can accept a proton from a water molecule, thus initiating a nucleophilic attack of the covalent bond formed between the β- and γ-phosphates of ATP.

MD analysis of D296N hexamers showed significant dilatation of the catalytic pockets, occurring during the equilibration step that precedes MD simulations ([Figures 5](#fig5){ref-type="fig"}B and [S3](#app2){ref-type="sec"}). Compared to wild-type hexamers, the distance between the mutated N296 residue and Mg^2+^ increases from 3.16 ± 0.09 Å to 5.02 ± 0.36 Å (mean ± SD), respectively, leading to complete loss of Mg^2+^ coordination by the mutated Walker B motif ([Figures 5](#fig5){ref-type="fig"} and [S3](#app2){ref-type="sec"}). Consequently, the side chain of R397 (Sensor II) moves away from the γ-phosphate toward D349, which protrudes from the adjacent protomer (compare [Figures 5](#fig5){ref-type="fig"}A and 5B), whereas R397 remains trapped by two H-bonds formed with D349 ([Figure 5](#fig5){ref-type="fig"}B). As a result of this rearrangement, the distance between the guanidyl group of R397 and the γ-phosphorus atom of ATP in the D296N mutant increases more than twice relative to the wild-type protein: 9.38 ± 0.74 Å versus 4.30 ± 0.20 Å (mean ± SD), respectively. The putative water-activating *trans*-D346 residue also follows a similar pattern of behavior and drifts away from the γ-phosphate (8.7 ± 0.71 Å in the mutant versus 5.9 ± 0.48 Å (mean ± SD) in the wild-type protein; see [Figures 5](#fig5){ref-type="fig"}B and [S3](#app2){ref-type="sec"}). Analysis of E297Q hexamers also revealed a distinct disorganization of the mkTIP49 catalytic pocket ([Figure 5](#fig5){ref-type="fig"}C). This mutation resulted in a shift of negatively charged D346 and D349 residues away from the phosphate chain of ATP and in the formation of an H-bond with the mutated residue 297. Remarkably, the guanidyl group of the Sensor II R397 can be found in close contact with the sugar moiety instead of the phosphate chain, where it forms H-bonds with the O4' oxygen of the ribose. This interaction can be further stabilized by the *trans*-D349 residue ([Figures 5](#fig5){ref-type="fig"}C and [S3](#app2){ref-type="sec"}). Taken together, these results demonstrate, at the atomic level, the drastic consequences that may arise from simple charge eliminations within the Walker B motif on the overall configuration of the catalytic pocket of mkTIP49 and highlight the importance of key residues that can activate water molecules.

Dynamics of Lytic Water Molecules inside the ATP Binding Pockets of TIP49 Hexamers {#sec2.6}
----------------------------------------------------------------------------------

Can *cis*-E297 or *trans*-D346 act as water-activating residues for ATP hydrolysis by mkTIP49? We answered this question by first determining the minimal volume that can accommodate a lytic water molecule in the immediate vicinity of the ATP γ-phosphate. We then correlated the dynamics of water molecules in this volume with H-bond formation with E297 and D346. Over 30 ns simulation times, the cumulative probability of the minimal volume occupancy by water molecules located within 2.5 Å of the γ-phosphorus atom was found to be similar in the wild-type mkTIP49 protein and in the D296N variant (0.22 versus 0.19, respectively). This indicates that the γ-phosphate of ATP may be similarly accessible to water in both proteins. However, the fraction of water molecules that form appropriate H-bonds (see the [Supplemental Experimental Procedures](#app2){ref-type="sec"}) with E297 or D346 decreased approximately seven times over the simulation period, dropping from 0.105 in the wild-type protein to 0.014 in the mutant, which is consistent with the dilatation of the mutant catalytic pockets ([Figure 5](#fig5){ref-type="fig"}B). From a total of 165 appropriate H-bonds formed with water molecules in the wild-type catalytic pockets, 97 were formed with E297, 67 with D346, and 1 with D349, suggesting that both *cis*-acting E297 and *trans*-acting D346 can function as proton-accepting residues during ATP hydrolysis by mkTIP49 hexamers ([Figures 6](#fig6){ref-type="fig"}A and 6B). Both of these interactions can orient the water molecule to the appropriate position, in which the oxygen atom of water points to the γ-phosphorus atom of ATP and to the last γ-phosphate oxygen that does not form H-bonds with the protein (O^3^γ in [Figure 6](#fig6){ref-type="fig"}B). Accordingly, this model illustrates the pre-transition state assembly of all components required for ATP hydrolysis to occur in TIP49 hexamers.

ATP Hydrolysis by TIP49 Catalytic Site Mutants {#sec2.7}
----------------------------------------------

We tested this model by introducing point mutations in the catalytic pockets of mkTIP49 and studied these mutants in biochemical assays ([Figure 4](#fig4){ref-type="fig"}E). To investigate the influence of the Sensor I motif on water dynamics and ATP hydrolysis by mkTIP49, we replaced N326 by glutamine (N326Q). This substitution brings the polar amino group of the mutated 326 residue closer to ATP compared to the wild-type protein and may lead to the formation of a donor H-bond with the water oxygen ([Figure 6](#fig6){ref-type="fig"}C). Mechanistically, this interaction is the opposite of the formation of an acceptor H-bond by water's hydrogen with negatively charged residues, which is required for water activation: it reorients the water molecule into a non-lytic position and may also interfere with Mg^2+^ coordination by D296 of Walker B ([Figure 6](#fig6){ref-type="fig"}C). As predicted from such a rearrangement, the ATPase activity of the purified N326Q mkTIP49 variant was undetectable compared to the wild-type protein ([Figure 4](#fig4){ref-type="fig"}E). Indeed, as judged by the reproducible negative rate values obtained in independent experiments, this mutant might actually protect ATP from spontaneous hydrolysis measured in parallel at 75°C, in agreement with results of our MD and water dynamics simulations within the catalytic pocket of mkTIP49.

To investigate the effects of mutations within the GDLLDR motif, we eliminated the negative charge of D346 in mkTIP49 by replacing it with asparagine. We then purified the corresponding D346N mutant and measured its ATPase activity. We observed a moderate ∼2-fold increase in ATP hydrolysis for the D346N variant relative to wild-type proteins ([Figure 4](#fig4){ref-type="fig"}E). Because we did not detect any significant defects in the oligomerization properties of these mutants, such an increased level of ATP turnover can be explained by reconfiguration of remaining intact proton-accepting residues in the mutant TIP49 catalytic pockets. The charge elimination due to the D- to N346 substitution results in a decrease of local negative electrostatic potential in TIP49 oligomers. This, in turn, can decrease the activation barrier of the proton transfer from the lytic water molecule to the next available negatively charged proton-accepting residue, such as the Walker B E297 residue in mkTIP49, thus increasing the rate of ATP hydrolysis. Such possible rearrangements of lytic water molecules in the vicinity of the ATP γ-phosphates in this mutant may be similar to the positioning of lytic water in RuvB hexamers modeled with ATP and Mg^2+^ (see [Figure 7](#fig7){ref-type="fig"}).

TIP49 and RuvB ATPases {#sec2.8}
----------------------

TIP49 proteins are often called RuvB-like on the basis of sequence similarities ([@bib1; @bib3; @bib15; @bib45]). Does such a comparison hold in terms of lytic water activation? Aside from the presence of D2 insertion domains in TIP49 proteins, the ATP binding and hydrolysis pockets are composite and similarly organized in both TIP49 and *Thermotoga maritima* (tm) RuvB hexamers ([Figures 7](#fig7){ref-type="fig"} and [S4](#app2){ref-type="sec"}) ([@bib5; @bib24; @bib30; @bib32]). Dense packing of the catalytic pockets in both hsTIP49a and tmRuvB hexamers, together with the necessity for magnesium, leads to only one possible position for the γ-phosphate group of ATP. In this conformation, two γ-phosphate oxygens form H-bonds with the Walker A (K64 and K76 in hsTIP49a and tmRuvB, respectively) and Sensor II residues (R404 and R217 in hsTIP49a and tmRuvB, respectively). In the regularized structures modeled with ATP, Mg^2+^, and a lytic water molecule, aspartate residues from Walker B (D302 in hsTIP49a and D109 in tmRuvB) coordinate Mg^2+^, whereas the glutamate residues of Walker B (E303 in hsTIP49a and E110 in tmRuvB) show different behaviors. In tmRuvB hexamers, E110 is located within 3 Å of the lytic water oxygen, sufficiently close to form the H-bond required for direct proton transfer from water to the side-chain carboxyl oxygen atom of E110. In contrast, E303 of hsTIP49a is found in an unfavorable configuration for the formation of the required H-bond, because of its possible trapping by the side chains of N332 (Sensor I) or S99 (S101 in mkTIP49; [Figure 2](#fig2){ref-type="fig"}). These observations suggest that, compared to RuvB, E303 of Walker B (E301 in hsTIP49b) may play a lesser role in the mechanisms that activate water within TIP49 hexamers.

Discussion {#sec3}
==========

In this study, we have extended the mechanistic analysis of ATP hydrolysis by AAA+ TIP49 ATPases by addressing the dynamics of lytic water molecules that are a critical but little understood step in ATP hydrolysis. To do so, we have characterized their archaeal mkTIP49 ortholog, which is largely free of the ambiguities associated with eukaryotic TIP49 proteins and their oligomeric assemblies. Our results demonstrate that mkTIP49 behaves as its crystallized eukaryotic TIP49 paralogs in terms of oligomerization and regulation of ATP hydrolysis, validating the use of molecular modeling and MD simulations for the comparative structural analysis of TIP49 proteins and biochemical verification thereof.

Within the composite catalytic pockets of both archaeal and human TIP49 hexamers, we show that a complex H-bond network connects the Walker B and Sensor I motifs and contributes to Mg^2+^ and lytic water coordination. Our focus on lytic water dynamics provides insights into the associative mechanisms of ATP hydrolysis by TIP49 proteins, which have remained somewhat intractable. We propose that *trans*-acting aspartate D346 in mkTIP49 and the corresponding residues in hsTIP49 proteins ([Figure S1](#app2){ref-type="sec"}), protruding from the next adjacent protomer, participate in water coordination and also serve as cryptic proton-acceptors that downregulate ATP hydrolysis by wild-type TIP49 hexamers. These conclusions are fully supported by mutational analysis of purified archaeal TIP49 proteins. Taken together, our data highlight a distinctive organization of TIP49 catalytic pockets within oligomeric assemblies, helping explain a variety of previous biochemical results obtained in different experimental systems (see [@bib34] and the references therein).

As suggested in the pioneering study of the hsTIP49a hexameric X-ray structure, cooperativity between TIP49 monomers plays an important role in ATP hydrolysis ([@bib24]). However, the complex mechanisms that lead to this cooperativity have remained elusive. For example, the structurally conserved short [GDLL]{.ul}DR helix of mkTIP49 corresponds to the α4 [SPLR]{.ul}SR helix of tmRuvB (the α-helical part is underlined; see [Figure S4](#app2){ref-type="sec"}). In both proteins, this helix is involved in oligomerization and contributes to the catalytic pocket in hexamers. The flanking arginine (R350 in mkTIP49 and R170 in tmRuvB) can be aligned as a *trans*-acting R-finger by sequence and structural similarity with other members of the AAA+ superfamily (see [Figure S4](#app2){ref-type="sec"} for the alignment with RuvB) ([@bib1; @bib3; @bib15; @bib45]). However, in the TIP49a, TIP49b, and TIP49a/b hexameric crystal structures ([@bib5; @bib24; @bib30]), as well as in the course of MD simulations of TIP49a/b homo- and heterohexamers ([@bib30]) and of the archaeal mkTIP49 protein (this study), this arginine remains rotated away from the catalytic pocket because of H-bond formation with the backbone carbonyl group of D353 (hsTIP49a). Similarly, R170 of tmRuvB can form an H-bond with adjacent S169 ([Figure 6](#fig6){ref-type="fig"}), which results in the same effect as in TIP49 hexamers: its guanidyl group is kept 8.0 Å away (8.8 Å in TIP49a) from the γ-phosphate of ATP. These observations suggest that *trans*-arginines are not involved in direct transactions with ATP γ-phosphates in TIP49 and tmRuvB hexamers.

The [xDLL]{.ul}DR helical motif (90% consensus for TIP49a and TIP49b) contributes two negatively charged residues, D353 and D356 (hsTIP49a), to the catalytic pockets of hsTIP49 hexamers. We believe that this structural feature may be important for downregulation of ATP hydrolysis in TIP49 hexamers. Indeed, the presence of two additional aspartates generates a strong local negative electrostatic potential in the vicinity of the ATP γ-phosphate group. This may not only impact water dynamics in this region but also impact the height of the activation barrier of proton transfer from lytic water to an acceptor. In the D346N mkTIP49 variant, however, the lytic water molecules can be redirected to the next available glutamate residue of Walker B and then coordinated in a RuvB-like manner ([Figure 7](#fig7){ref-type="fig"}). In agreement with our conclusions from in silico water dynamics experiments and biochemical data, the increased rate of ATP turnover by the D346N mkTIP49 variant is similar to that of RuvB, as observed in the absence of stimuli by RuvA and Holliday junctions ([@bib12; @bib26]).

We note the resemblance between the xDLLDR motif found in TIP49 proteins and the recently described *trans*-acting "R-hand" (162-RADLLDR-168) motif found in the *E. coli* PspF AAA+ ATPase ([@bib16; @bib33; @bib45]). Despite the identical DLLDR sequence shared by TIP49 and PspF proteins, the D164 mutation (D346 in mkTIP49) drastically reduces the rate of ATP hydrolysis by PspF, but not by mkTIP49. This discrepancy with the gain-of-function phenotype we report here can be explained by a mechanism implicating *trans*-acting aspartates and lytic water positioning. According to the PspF X-ray structures (Protein Data Bank \[PDB\] ID codes [2C96](pdb:2C96){#intref0010} and [2C9C](pdb:2C9C){#intref0015}), the second *trans*-aspartate of the R-hand, D167 (D349 in mkTIP49), as well as Walker B D107 and E108 residues, are found in unfavorable positions with respect to the γ-phosphate of ATP to serve as water activators. The only remaining *trans*-acting D164 residue would then be the best candidate as a proton-acceptor, explaining the loss-of-function phenotypes of the D164A/N/Q variants of PspF. In contrast, the drastic decrease in ATP hydrolysis by the Sensor I N64Q PspF variant is similar to the effect of the N326Q mutation in mkTIP49, suggesting the existence of shared mechanisms that underlie the regulation of ATP hydrolysis by the Sensor I motif in TIP49 and PspF proteins ([@bib16]).

Size-exclusion chromatography and nanoelectrospray ionisation mass spectrometry of archaeal mkTIP49 demonstrate that it is predominantly in a dodecameric form, reminiscent of the assemblies formed by its purified eukaryotic TIP49a/TIP49b counterparts ([@bib5; @bib21; @bib28; @bib31; @bib40]). The principles of conformational flexibility and the allosteric link between the D2 insertion and AAA+ core ATPase domains are very similar between the archaeal and human TIP49 proteins. Similarities also extend to the configuration of catalytic pockets, where possible mechanisms of ATP/Mg^2+^ coordination and activation of attacking water molecules appear to be conserved, further supporting the hypothesis that TIP49 AAA+ ATPases evolved a mechanism for ATP hydrolysis that has been conserved from Archaea to eukaryotes. This would suggest that an ancestral form of contemporary TIP49 underwent gene duplication in eukaryotes after the split of the archaeal and eukaryotic lineages, which in all likelihood expanded its functional repertoire.

The precise biological function of TIP49 in the archaea remains obscure. MkTIP49 neither forms stable complexes with mkTBP nor with the cognate TATA-TBP or with TATA-TBP-TFB transcription initiation complexes (F.W., unpublished data), which does not support a role in the regulation of transcription similar to its eukaryotic homologs. However, the archaeal TIP49 gene is induced under heat-shock conditions; the protein is stable at elevated temperatures ([@bib14; @bib18]); and it has been found to associate with ribosomes in a mass spectrometry approach ([@bib23]). These observations are congruent with a role of TIP49 as a protein chaperone and/or ATP-dependent remodeling factor of higher-order complexes. Future studies will delineate the function of this "ancestral" singular version of TIP49 in extant members of the archaeal domain.

Experimental Procedures {#sec4}
=======================

Experimental procedures are described in detail in the [Supplemental Experimental Procedures](#app2){ref-type="sec"}. Molecular modeling was performed as described in [@bib30]. Molecular dynamic simulations of mkTIP49 were performed using the GROMACS (v. 4.5.5) software package on the multiprocessor clusters of the St. Petersburg State Polytechnical University and of the "Kurchatov Institute" National Research Centre (Moscow). Cloning, expression, and purification of untagged recombinant mkTIP49 protein from *Methanopyrus kandleri* genomic DNA were performed using standard procedures. Single mutations were generated in the mkTIP49 expression plasmid (pET151D-TOPO-mkTIP49) by site-directed mutagenesis (QuikChange II Site-Directed Mutagenesis Kit). Size-exclusion chromatography of the various mkTIP49 proteins was carried out on Superdex 200 and Superose 6 columns (GE Healthcare). Nanoelectrospray ionization mass spectrometry was performed on an LCT Premier XE mass spectrometer (Waters) modified for high-mass operation. ATP hydrolysis was measured by phosphate released in a malachite green-based chromogenic assay (PiColorLock ALS, Innova Biosciences).

Supplemental Information {#app2}
========================

Document S1. Supplemental Experimental Procedures and Figures S1--S43D Molecular Structure S1. mkTIP49 ATP-Mg-HOH Dimer
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![All-Atom Model of the *M. kandleri* TIP49 Protein\
(A) Domain organization of mkTIP49 monomers. The AAA+ D1 core is colored in blue; the D2 insertion domain, composed of the OB-fold (dotted rectangle) and L2, is colored in red; and the D3 regulatory domain is colored in green. ATP (yellow) is located in the catalytic pocket, formed at the interface between D1 and D3. Note the high level of sequence similarity between mkTIP49 and its human paralogs: 45% of identity with hsTIP49a and 42% with hsTIP49b.\
(B) Major conformational transitions of mkTIP49 monomers in the course of 30 ns MD simulations are associated with OB-fold flexibility (arrow). Graphics were produced using the ICM-Pro software package. See also [Figure S1](#app2){ref-type="sec"} for sequence alignments between mkTIP49 and its eukaryotic paralogs TIP49a and TIP49b.](gr1){#fig1}

![Snapshots of Dynamic Transitions in the Walker A, Walker B, and Sensor I Motifs in mkTIP49 Monomers Modeled with ATP and Mg^2+^\
(A and B) Initial (A) and 30 ns conformations (B) of the ATP phosphate chain (yellow), of Mg^2+^ (shown as a Van der Waals sphere), and of the side chains of the Walker A and Sensor II motifs.\
(C--E) Dynamics of the glutamate switch in mkTIP49 monomers. Initial (C), 20 ns (D), and 30 ns (E) conformations of Walker B E297 are shown, forming H-bonds (dotted lines) with N326 (Sensor I) and S101, respectively. The initial position of the Walker A motif is shown in purple color in (E). Distances in Å are denoted by italicized numbers.](gr2){#fig2}

![Expression and Purification of Archaeal mkTIP49 Protein\
(A) The expression profile and heat stability of mkTIP49 supernatant (SN), heat-inactivated pellet, and supernatant fractions (HiP/HiSN) are shown. ± indicates isopropyl β-D-1-thiogalactopyranoside-induced total cell extracts.\
(B and C) The elution profiles of mkTIP49 on a Superdex 200 sizing column in P300 and N1000 buffers, respectively, are shown.\
(D) The elution profile of the TIPΔD2 variant on a Superose 6 sizing column is shown. The elution profiles of molecular size standards (670, 158, and 44 kDa) are indicated above the gel in italics (B), (C), and (D).\
(E) The purification of the TIP49 D2 insertion domain as a glutathione S-transferase (GST)-fusion protein on glutatione agarose before thrombin cleavage (GST-TIP~ins~) next to purified GST and TIP~ins~ domain. SDS-PAGE gels were stained with Coomassie Brilliant blue.](gr3){#fig3}

![mkTIP49 Oligomeric State and ATP Turnover\
(A--C) Mass spectrometry analysis of wild-type mkTIP49, of TIPΔD2, and of the isolated D2 domain (TIP~ins~, residues 124--290) is shown in (A), (B), and (C), respectively.\
(D) The optimal temperature range for ATP hydrolysis by the wild-type mkTIP49 protein.\
(E) Comparison of ATP turnover between the wild-type, TIPΔD2, *lik*TIP49, and catalytic-site mutant proteins. The ATP turnover of mkTIP was determined at temperatures of 37°C, 50°C, 65°C, 70°C, 75°C, 80°C, 85°C, and 90°C as described in the [Supplemental Experimental Procedures](#app2){ref-type="sec"}. Measurements were repeated 2--4 times, and the plotted values show a representative experiment within the full temperature range. See also [Figure S1](#app2){ref-type="sec"} for the location of mutations within the amino-acid sequence of mkTIP49.](gr4){#fig4}

![Dilatation of Catalytic Pockets in the Walker B Mutants in mkTIP49 Hexamers\
The 30 ns conformation of the wild-type protein (A) is aligned with that of the D296N (B) and E297Q (C) mutant proteins. The GDLLDR motif from the adjacent protomer is colored in orange. See also [Figure S4](#app2){ref-type="sec"} for details of D296, E297, D346, and R397 dynamics. Note that during MD simulations the phosphate chain remains the most stably bound part of ATP within the catalytic pockets of mkTIP49. The nucleoside moiety of ATP, however, can also undergo significant thermal fluctuations (compare A, B, and C). This could be attributed to the smaller number of H-bonds that are formed with the nucleoside part of ATP relative to the phosphate chain, which is remarkably well coordinated by Walker A, Sensor II, and Mg^2+^ (see also [Figure 2](#fig2){ref-type="fig"}).](gr5){#fig5}

![Lytic Water Coordination in the Catalytic Pockets of mkTIP49 Hexamers\
(A and B) An overall view of the pocket (A) and the zoom on the γ-phosphate region (B) are shown with ATP (yellow), Mg^2+^, and a water molecule in the attacking position.\
(C) Lytic water in the attacking position in the wild-type mkTIP49 protein (left) and in the N326Q variant (right). The N- to Q substitution in the Sensor I motif of mkTIP49 may result in reorientation of water molecules from lytic to non-lytic positions by the mutated Q326 residue and interfere with coordination of Mg^2+^ by D296 of Walker B.](gr6){#fig6}

![Comparison of Lytic Water Coordination in Wild-Type hsTIP49a and tmRuvB\
(A) hsTIP49a (PDB ID code [2C9O](pdb:2C9O){#intref0025}).\
(B) tmRuvB (PDB ID code [1IN4](pdb:1IN4){#intref0030}).](gr7){#fig7}
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